IMECE2005-80040 DESIGN AND VALIDATION OF A REDUCED TEST MATRIX FOR THE AUTOIGNITION OF GAS TURBINE FUEL BLENDS by Jaap De Vries & Eric L Petersen
 
Downloaded FProceedings of IMECE2005 
2005 ASME International Mechanical Engineering Congress and Exposition 
November 5-11, 2005, Orlando, Florida USA 
IMECE2005-80040 
DESIGN AND VALIDATION OF A REDUCED TEST MATRIX FOR THE 
AUTOIGNITION OF GAS TURBINE FUEL BLENDS 
 
 
Jaap de Vries 
Mechanical, Materials & Aerospace Engineering  
University of Central Florida 
Orlando, FL 32816 
jpdvrs@yahoo.com 
 
Eric L. Petersen 
Mechanical, Materials & Aerospace Engineering 
University of Central Florida 





Proceedings of IMECE2005 
2005 ASME International Mechanical Engineering Congress and Exposition 
November 5-11, 2005, Orlando, Florida USA 
 
 




Changes in fuel composition for both aero-engine as well 
as power generation applications is a topic of concern since 
fuel variability can have a great impact on the reliability and 
performance of the burner design. Autoignition experiments for 
a wide range of likely fuel blends containing CH4 mixed with 
combinations of C2H6, C3H8, C4H10, C5H12, and H2 are planned 
in the authors’ shock-tube laboratory. However, testing every 
possible fuel blend and interaction is not feasible within a 
reasonable time and cost. To predict the surface response over 
the complete mixture domain, a special experimental design 
has been developed reducing the amount of ‘trials’ needed 
significantly from 243 to only 41 using the Box-Behnkin 
factorial design methodology. Kinetics modeling was used to 
obtain numerical results for this matrix of fuel blends when 
applied to autoignition at a temperature of 800 K and pressure 
of 17 atm. A further attempt was made to reduce the 41-test 
matrix to a 21-test matrix. This was done using special mixture 
experimental techniques, and the kinetics model was used to 
compare the smaller matrix to the expected results of the larger 
one. The new 21-Test matrix produced a numerical correlation 
that agreed well with the results from the 41-test matrix, 
indicating that the smaller matrix will provide the same 
autoignition information as the larger one with acceptable 
precision.            
 
INTRODUCTION 
Gas turbine engines operating on different combinations of 
hydrocarbon fuels have been employed in the power generation 
industry as well as in the aero propulsion industry. In both 
fields, restrictions with regard to pollutant formation have rom: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ustightened in recent times due to regulations imposed by 
national as well as international authorities. These restrictions 
have caused the industry to look at a wider variety of fuel 
blends. However, in the example of methane used 
predominantly in the power generation industry in the form of 
natural gas, a small amount of a higher-order hydrocarbon 
impurity can cause dramatic changes in the burning 
characteristics of the overall fuel [1,2]. For example, additives 
such as a few percent ethane or propane can reduce the ignition 
delay time by a factor of two or more. This has a great impact 
on flame holding, stability, and reliability of the burner design. 
The effects of fuel blends containing H2 and higher-order 
hydrocarbon content much greater than that seen in natural gas 
on the performance of the gas turbine itself is not well known, 
and potential problems include flashback, premature ignition, 
combustion instability, and increased pollutant formation [3]. 
For this reason, the industry would greatly benefit from 
knowing the burning characteristics of every possible 
combination of hydrocarbon that could be a constituent in the 
fuel; that is, having fundamental parameters such as ignition 
delay time and flame speed explicitly expressed as functions of 
the different constituents that could possibly make up the fuel.  
Of particular concern to the study herein is the tendency of 
fuel blends to accelerate the ignition process relative to fuels 
containing predominantly methane. In the case of premixed 
combustors, the ignition delay time experienced with different 
fuel blends could actually be less than the residence time of the 
fuel-air mixtures inside the flame tubes feeding the combustor, 
causing premature ignition in the premixed circuits, herein 
referred to as autoignition, or AI. The conditions within the 
premixed circuit (upstream of the combustor) can be at 1 Copyright © 2005 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Dowtemperatures between 600-800 K and pressures from 10 to 25 
atm [4]. For this reason, measurements of autoignition at 
typical operating conditions are therefore needed over a wide 
range of possible fuel mixture compositions.  
A problem such as this where the response of a mixture is 
needed can be looked upon as posing a typical mixture 
problem. The response of the experiments in this case would be 
the ignition delay time, τign, which is a common measure of the 
oxidation kinetics. This characteristic time is a convenient 
parameter representing the chemical time scale and is often 
used to calibrate chemical kinetics models composed of the 
possible chemical reactions and their reaction rates [5]. 
However, testing every possible fuel combination would be 
very time consuming as well as costly in the sense that a lot of 
test gas and time would be needed to conduct all the 
experiments. Testing every possible combination would be the 
same as running a full factorial in which pq amount of trials are 
needed. Here, q stands for the integer number of different 
factors, and p expresses the different levels at which these 
factors are tested.  
Statistical Design of Experiments (DOE) techniques can 
possibly lead to smaller test matrices. These orthogonal, 
reduced matrices can generate outcomes similar to those of full 
factorial matrices [6]. The large number of factors involved in a 
thorough study on gas turbine fuel blend AI and oxidation 
chemistry make them ideal for utilizing DOE test matrices. 
There are many works in the literature that focus on 
experiments with mixtures [7,8].   
This paper presents a continuation of the Petersen and de 
Vries effort to develop reduced test matrices for low-
temperature, high-pressure autoignition experiments in shock 
tubes. First, the 41-mixture matrix developed using the DOE 
orthogonal matrix approach by Petersen and de Vries [4] is run 
in a numerical experiment with an improved chemistry model. 
Next, the L41 matrix is reduced to an L21 assuming the 
response can be fitted with a second-order polynomial. Finally, 
a correlation of exponential form is derived from the L21 
matrix. Details on the factors selected, AI trends, and the 
choices of experimental design are also presented. 
 
AUTOIGNITION EXPERIMENTS 
Autoignition data for possible fuel blends at realistic gas 
turbine pressures and temperatures are much needed. As a part 
of a program to generate such data, one specific set of 
experiments is needed to address the problem of possible AI of 
the fuel blend when premixed with air, as mentioned above. 
One way to address this problem is to determine whether a 
given mixture will ignite at likely mixture temperatures and 
pressures within a typical residence time on the order of 10 ms. 
Realistic physical conditions are needed to carry out the 
autoignition experiments over a wide range of possible fuel 
blends and produce results relevant to gas turbines. First, a 
brief review is given of the work by Petersen and de Vries, 
which resulted in a 41-trial matrix [4,9]. Then an attempt is  
nloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usmade to further reduce the matrix so fewer experiments would 
be sufficient to cover the full parameter range. Provided in this 
section are details on the basic approach to define the 
parameter space and select the appropriate matrices. A 
numerical exercise is presented that compares the results of a 




 The approach herein is to conduct experiments at an upper-
limit temperature and see if the ignition delay time at this 
temperature falls under the maximum residence time in which 
autoignition would occur. Since it was given that the 
temperature experienced in the flame tube was between 600-
800 K, the upper limit of 800 K was selected here as the target 
temperature. 
The autoignition experiments are designed herein for a 
shock tube such as the one employed by the authors in previous 
studies of chemical kinetics and ignition delay times [10,11]. 
Under routine conditions with He as the driver gas, the useable 
test times are on the order of 2-3 ms. However, the test duration 
can be extended to times on the order of 10-15 ms using driver 
gas mixtures other than helium, which ideally would produce a 
tailored condition [12,13]. It is this upper limit on test time that 
sets the limit of possible autoignition experiments in a shock 
tube. The fact that expensive driver gases are needed to create 
test times on the order of 10 ms plus the fact that more of this 
driver gas is needed to create a test pressure of 17 atm, 
emphasize the importance of an efficient experimental scheme.  
Table 1. Fuel species with three levels each for 
auto ignition experiments. Petersen and de Vries 
[4]. 
Species Levels (% of fuel)
C2H6 0, 20, 40
C3H8 0, 15, 30
C4H10 0, 10, 20
C5H12 0, 5, 10
H2 0, 10, 20
 
Possible fuel combinations dictate the range of autoignition 
experiments that are needed. The five different fuel species to 
be added to the base methane fuel are: ethane, propane, butane, 
pentane, and hydrogen. To minimize the number of 
experiments required to fully explore every possible fuel 
combination, three levels of each species were defined. Table 1 
presents the three levels for the 5 fuel additives in terms of 
percentage of the fuel blend. Hence, a pure methane fuel will 
have a methane concentration of 100%. Even after assigning 2 Copyright © 2005 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
Dowonly 3 levels to each species, the total number of autoignition 
experiments required to test each possible combination would 
be 35, or 243 different fuel blends. Reduced matrices that cover 
the same parameter space as the 243-blend full factorial matrix 
were considered and are discussed in Petersen and de Vries [4]. 
Large Matrix 
 
DOE matrices specifically tailored for 3-level factors were 
derived by Box and Behnkin [14,15], and the appropriate 
matrix for a 5-factor experiment involves the 46-test matrix 
shown in Table 2. In the usual fashion, the three levels are 
assigned as 0, –1, and +1. When applying this nomenclature to 
the Table 1 concentration levels, the 0 value corresponds to the 
zero % level; the –1 corresponds to the middle level; and the +1 
level corresponds to the largest concentration. The complete 
fuel-blend autoignition matrix is provided as Table 3. Each 
entry in the table contains the appropriate % level of that 
species, where the baseline combination has all zeros and 
corresponds to the fuel being pure methane. Provided in Table 
3 as an extra column is the CH4 fraction; note that this is not 
actually one of the main 5 factors in the matrix. Rather, the CH4 
concentration is a result of assigning levels to the other fuel 
species that are in the DOE matrix. 
A thermochemical equilibrium code (STANJAN) was 
employed for calculating the equivalence ratio to produce a 
typical burner adiabatic flame temperature. The results led to 
the fact that φ actually varies less than a few percent amongst 
all 41 blends to attain the same combustor adiabatic flame 
temperature for typical conditions (1400 K, 17 atm). Hence, for 
simplicity, the same φ was assigned to each fuel/air mixture 
using the fuel blends in Table 3, specifically φ = 0.5. A 
numerical exercise was performed using the Table 3 blends, 





















Fig. 1 Correlation of autoignition times from
numerical experiment using the 41-test matrix in
Table 3. The correlation is of the form of Eqn. 1.  
nloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usethey were performed in the laboratory. This exercise was 
undertaken to produce results from the 41-test matrix that could 
be correlated. The main purpose of the correlation was that it 
could then be used to represent the autoignition results over the 
parameter space defined by the five factors and the 
experimental constants (φ, P).  
Table 2. Box-Behnkin 5-factor matrix for 3-level 
experiments as employed in L41 matrix by Petersen 
and de Vries [4].   
A B C D E
±1 ±1 0 0 0
0 0 ±1 ±1 0
0 ±1 0 0 ±1
±1 0 ±1 0 0
0 0 0 ±1 ±1
0 0 0 0 0 (x3)
0 ±1 ±1 0 0
±1 0 0 ±1 0
0 0 ±1 0 ±1
±1 0 0 0 ±1
0 ±1 0 ±1 0
0 0 0 0 0 (x3)
Factors
As discussed in the next section, the correlation was used to 
determine whether or not a smaller matrix that has fewer fuel 
combinations produces the same autoignition results. This 
numerical experiment required a chemical kinetics model to 
obtain the predicted ignition times. The Lawrence Livermore 
Mechanism [16] with the heptane chemistry included was 
selected for the calculations mainly because it is based on a 
core methane oxidation model and has extensive chemistry for 
the higher-order hydrocarbons (for convenience in performing 
multiple calculations). The Chemkin suite of software was used 
to run the mechanism, utilizing the shock module to match 
what would happen in a shock-tube experiment [17]. The 
Lawrence Livermore mechanism was designed for the lower 
temperatures (800 – 1000 K) of the auto ignition study; 
reproducing the correct ignition delay times per se was 
secondary to obtaining results that were realistic and self-
consistent from blend to blend. Shown in Table 3 in the last 
column are the numerical results for the autoignition case. 
Autoignition times (τAI) at 800 K and 17 atm could be 






ixA )101(τ      (1)                           
 
3 Copyright © 2005 by ASME 
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Downlowhere A is a constant, and xi is the mole fraction of fuel species 
i in the blend. A correlation involving species concentrations 
raised to an exponent was selected as the form of the 
autoignition time relation herein because similar forms have 
been employed by many investigators to correlate their ignition 
delay times [18]. The resulting correlation in comparison with 
the autoignition-time results of the 41-test matrix is presented 
on a parity plot in Fig. 1. The correlation has an r2 value of 
0.978 and is assumed to adequately reproduce the trends from 




As discussed in the last section, a numerical model was 
employed to give a prediction of the possible ignition delay 
times for different mixtures. The chemical kinetics mechanism 
created by the Lawrence Livermore National Laboratory was 
used in this case since it includes all the chemistry necessary 
for these experiments. Shock-tube measurements at low 
temperatures (800 K) and at gas turbine pressures (17 atm) are 
extremely rare. Therefore, the model is not expected to agree 
well with the data to be found. However, the model should 
predict chemical nonlinearities that are specific to combustion 
chemistry and fuel blending. Therefore, a good correlation 
through the modeling data would indicate that the same type of 
correlation would serve well with real physical data. The 
behavior of the chemical kinetics mechanism can be seen in  
Fig. 2, which shows the prediction from the Lawrence 
Livermore mechanism against data presented earlier by the 
authors [19], but at temperatures above 1000 K.   
It can be seen in Fig. 2 that the model starts over- 
predicting the data when larger percentages of higher-order 










 Exp. 100% CH4
 Exp. 90/10% CH4/C2H6
 Exp. 70/30% CH4/C2H6
 Model 100% CH4













Fig. 2 Chemical kinetics model prediction against
experimental data [19].  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of UTable 3. Fractional factorial (41-test) matrix for the 
auto ignition experiments. Predictions of auto 
ignition times are provided. 
 
Mix CH4 C2H6 C3H8 C4H10 C5H12 H2 τign (s)
1 100 0 0 0 0 0 1.71
2 65 20 15 0 0 0 0.91
3 50 20 30 0 0 0 0.71
4 45 40 15 0 0 0 1.02
5 30 40 30 0 0 0 0.8
6 85 0 0 10 5 0 0.059
7 80 0 0 10 10 0 0.038
8 75 0 0 20 5 0 0.036
9 70 0 0 20 10 0 0.028
10 75 0 15 0 0 10 0.75
11 65 0 15 0 0 20 0.76
12 60 0 30 0 0 10 0.6
13 50 0 30 0 0 20 0.6
14 70 20 0 10 0 0 0.209
15 60 20 0 20 0 0 0.087
16 50 40 0 10 0 0 0.269
17 40 40 0 20 0 0 0.11
18 85 0 0 0 5 10 0.118
19 75 0 0 0 5 20 0.114
20 80 0 0 0 10 10 0.048
21 70 0 0 0 10 20 0.046
22 75 0 15 10 0 0 0.131
23 65 0 15 20 0 0 0.06
24 60 0 30 10 0 0 0.162
25 50 0 30 20 0 0 0.079
26 75 20 0 0 5 0 0.228
27 70 20 0 0 10 0 0.09
28 55 40 0 0 5 0 0.35
29 50 40 0 0 10 0 0.147
30 80 0 0 10 0 10 0.089
31 70 0 0 10 0 20 0.087
32 70 0 0 20 0 10 0.04
33 60 0 0 20 0 20 0.038
34 70 20 0 0 0 10 1.53
35 60 20 0 0 0 20 1.61
36 50 40 0 0 0 10 1.6
37 40 40 0 0 0 20 1.63
38 80 0 15 0 5 0 0.167
39 75 0 15 0 10 0 0.075
40 65 0 30 0 5 0 0.202
41 60 0 30 0 10 0 0.103
Fuel Blend Components (%)
 
hydrocarbons are added. Yet, the slope of the model seems to 
agree well with the slope that is given by experiments. One can 



















Downloadexperimental data, especially when higher-order hydrocarbons 
re added. Figure 3 shows the model’s prediction at lower 
emperatures. Note that at these temperatures and pressures, 
here are no experimental data yet available. It can be clearly 
een in Fig. 3 that the addition of higher-order hydrocarbons 
reatly accelerates the ignition process. The regime that is 
atched in the lower right corner of Fig. 3 is the region where 
utoignition is likely to occur in the gas turbine’s premixer. The 
odel shows that addition of pentane with methane gives 
gnition times that come dangerously close to this unwanted 
egime. This becomes particularly evident when one 
emembers that the model has the tendency to overpredict the 
xperimental data, something that could be concluded from 
ig. 2. Another interesting observation is the negative 
emperature coefficient  (NTC) effect that the mixture with 
entane shows between 800 and 900 K. This NTC behavior 
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Fig. 3 Chemical kinetics model prediction at lower 
temperatures. 







Fig. 4 Sensitivity analysis of the effect of 
hydrocarbon addition to methane on the ignition 
delay time. Sensitivity is as defined in Eqn. 2. d From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of leads to ignition times that are much smaller at lower 
temperatures than what might be extrapolated from data and 
models based exclusively on higher-temperature (and lower-
pressure) behavior.    
It would be helpful to know which fuel component has the 
strongest effect on the acceleration of ignition of methane-
based fuel blends. To quantify this, a sensitivity analysis was 
conducted using the correlation obtained from the chemical 
kinetics model. The sensitivity can be obtained by taking the 
partial derivative of this correlation with respect to each of the 
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where ‘i’ stands for methane, ethane…..hydrogen, i.e. the 
species that can be found in Table 1. The result of this 
sensitivity analysis can be found in Fig. 4. The numerical 
model predicts that the addition of Pentane has the strongest 
effect on the ignition delay time. It also shows that the effect 
reduces when the order of the additional hydrocarbon goes 
down. Surprisingly, the effect of the addition of hydrogen is 




The large matrix design has proven to give a satisfactory fit 
of the numerical data. However, conducting experiments using 
41 different mixtures is still a quite elaborate process and, if 
possible, further reduction of the matrix would be desirable. In 
the response surface obtained using the Box-Behnkin method 
such as the 41-test matrix obtained above, the levels chosen are 
independent of the levels chosen for the other factors. In a 
mixture experiment, the factors are the ingredients or 
components of the mixture, and the response is a function of 
the proportions of each ingredient, which are typically 









Fig. 5 Constrained factor space for mixtures with 3 
components [7]. 5 Copyright © 2005 by ASME 
Use: http://www.asme.org/about-asme/terms-of-use
Downof all the components has to reach unity, which causes the 
individual levels of the factors to be non-independent. This is 
what makes mixture experiments different from the usual 
response surface experiments [7,8]. Mixture compositions can 
be either pure, binary, tertiary, etc., depending upon how many 
different components are included. A mixture that includes all 
possible components is called a complete mixture. The 
proportion of a mixture can be graphically represented using a 
simplex coordinate system. An example is given in Fig. 5 for q 
= 3 components. Each of the three vertices in the equilateral 
triangle corresponds to a pure blend, and the sides are made up 
of binary blends. For more on mixture experiments, the reader 
is strongly advised to read Cornell [7]. 
Mixture problems are very common in the chemical or food 
industry. The two main designs using simplexes are the 
simplex lattice design and the simplex-centroid design. A 
simplex lattice design is just a uniformly spaced set of points 
on a simplex. The number of points on each side of the simplex 
is given by the order of the polynomial that one would like to 
fit. In a simplex-centroid design, all levels are equal in value or 
0 otherwise, (1,0,0,0), (1/2,1/2,0,0), (1/3,1/3,1/3,0), etc. 
Simplex-centroid designs are often used when it is expected 
that cubic terms might be necessary.  
Figure 6 shows a simplex lattice design for the current 
problem in 3-D designed to fit a second-order polynomial. 
Notice that all the corners (vertices) represent pure mixtures. 
However, when investigating methane-based fuel blends, it is 
very unlikely that the mole fraction of methane becomes less 
than 50%. In other words, there are constraints on the 
component proportions that prevent one from exploring the 
entire simplex region. Only a sub region of the simplex shown 
in Fig. 7 is relevant for the current study. The general form of 
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iii UxL ≤≤    (4) 
  
where Li stands for the lower bound and Ui for the upper 
bound. All the upper-bound limits for the fuels are given in 
Table 1. The effect of the upper and lower bound restrictions in 
Eqn. 4 is to limit the feasible space for the mixture experiment 
to a sub region of the simplex. For illustrative purposes, a 
triangular simplex is used to graphically represent the design 
process. (However, the reader should be aware that the simplex 
including all components (Hydrocarbons) actually takes the 
form of Fig. 8.) When one component has a lower limit Li, then 
the maximum value that any other components could reach 
would be Uj ≠ i = 1-Li. If only methane is bounded and the other 
components simply have an upper bound of Ui = 1-Lmethane, 
then the feasible experimental region is as seen in Fig. 7, in  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Usewhich only ethane and propane are shown for illustrative 
purposes.  
In the case of Fig. 7, the experimental region is still a 
simplex, and it seems reasonable to define a new set of 
components that will take on the values 0 to 1 over the feasible 
region. The redefined components are called L-pseudo 
components, or just pseudo components. The pseudo 
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 Region of interest  
x ethane  
xmethane  
x p ropane   
  
  
x methane  = 0.5 
Fig. 7 Feasible mixture space with a lower bound on
the methane mole fraction [7,8]. This is an example
that employs only three mixture species. 
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It is recommended that the pseudo components be used to fit 
the mixture model. This is because constrained design spaces 
usually have high levels of multicollinearity or ill conditioning 6 Copyright © 2005 by ASME 
: http://www.asme.org/about-asme/terms-of-use
D
[8]. The reduced simplex method described above assumes that 
the only constraint is the lower-bound constraint on methane.  
In fact, as can be seen in Table 1, the additional proportions of 
the other hydrocarbons all have different upper bounds. This 
leads to an experimental region that is not a simplex as can be 
seen in Fig. 8. In such cases computer-generated designs, such 
as the D-optimal algorithm are logical design alternatives. 
Another alternative is to have all non-methane fuel components 
vary between 0 and 40%. That way the only restriction is the 
lower limit of methane, and a reduced simplex such as shown 
in Fig. 7 can be employed using L-pseudo components. 
However, making all other fuel components divert from the 
original region of interest can cause larger errors in the final 
 
   x methane   
 x e thane   x p ropane   
No  longer a 
simplex  
Fig. 8 Experimental region for current study with
upper bound for ethane and propane. 
 
 
ownloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Ucorrelation. Table 4 shows the table for a design for a quadratic 
polynomial presented in the original component proportions 
and also in pseudo components.  The simplex lattice 
experimental design as seen in Table 4 is used to find a second-
order polynomial.   
The dependence between the components, see Eqn. 3, can 
be used to simplify the polynomial model that can be fitted 
through the experimental data. One method is substituting Eqn. 
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This is just Eqn. 3 written in a different form. This approach is 
not widely accepted because it obscures the effect of the qth 
component. Another form is a method described in great detail 
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Table 4. The fuel compositions for the L21 (left) and converted pseudo components (right). 
Original Fuel blend components (%) Pseudo components
mix # xch4 xc2h6 xc3h8 xc4h10 xc5h12 xh2 tign (s) Xch4 Xc2h6 Xc3h8 Xc4h10 Xc5h12 Xh2
1 100 0 0 0 0 0 1.71 1 0 0 0 0 0
2 75 25 0 0 0 0 1.65 0.5 0.5 0 0 0 0
3 75 0 25 0 0 0 0.63 0.5 0 0.5 0 0 0
4 75 0 0 25 0 0 0.042 0.5 0 0 0.5 0 0
5 75 0 0 0 25 0 0.024 0.5 0 0 0 0.5 0
6 75 0 0 0 0 25 2.31 0.5 0 0 0 0 0.5
7 50 50 0 0 0 0 1.77 0 1 0 0 0 0
8 50 25 25 0 0 0 0.79 0 0.5 0.5 0 0 0
9 50 25 0 25 0 0 0.073 0 0.5 0 0.5 0 0
10 50 25 0 0 25 0 0.036 0 0.5 0 0 0.5 0
11 50 25 0 0 0 25 1.82 0 0.5 0 0 0 0.5
12 50 0 50 0 0 0 0.52 0 0 1 0 0 0
13 50 0 25 25 0 0 0.071 0 0 0.5 0.5 0 0
14 50 0 25 0 25 0 0.037 0 0 0.5 0 0.5 0
15 50 0 25 0 0 25 0.64 0 0 0.5 0 0 0.5
16 50 0 0 50 0 0 0.023 0 0 0 1 0 0
17 50 0 0 25 25 0 0.017 0 0 0 0.5 0.5 0
18 50 0 0 25 0 25 0.038 0 0 0 0.5 0 0.5
19 50 0 0 0 50 0 0.013 0 0 0 0 1 0
20 50 0 0 0 25 25 0.021 0 0 0 0 0.5 0.5











This form is also called canonical or Scheffé form. Note that 
here X is used instead of x which means that the polynomials 
will correlate the pseudo components. For the case here, q = 6, 
and Eqn. 7 will have 21 coefficients, just as many as there are 
trials in the matrix in Table 4. There are 21 equations and 21 
unknowns. This means that every coefficient can uniquely be 
solved for this problem. The βijXiXj Terms present the excess 
response from the quadratic model over the linear model. This 
is often called synergism or antagonism due to nonlinear 
blending. The quadratic model such as Eqn. 9 has the 
advantage that the interaction between every component 
becomes evident. The model used for Eqn. 1 takes into account 
higher-order interactions. This can be clearly seen in the L41 
matrix where several components are included per trial, and the 


















Numerical Data from L21
 Quadratic correlation from L21 
   r2 = 0.48
 
Fig. 9 Data compared against the quadratic
polynomial, Eqn 8. This does not produce a good
result. 

















Numerical Data from L21
 numerical data from L21
   r2 = 0.933
 
Fig. 11 The correlation obtained by the L41 matrix
applied to L21 levels.  
























Numerical Data from L21
 
Fig. 10 The exponential correlation obtained by the 
L21 matrix against data from L21. 
Results  
 
 To test the result obtained using the simplex lattice method, 
the correlation was tested against the L41 matrix. An analysis 
of variance (ANOVA) was conducted going both ways. First, it 
is very likely that in practice mixtures will be used that are just 
binary blends. For that reason the correlation found using the 
Box-Behnkin method should give a good fit through the data 
that were obtained using the L21 in Fig 4. Vice versa, the 
second-order polynomial obtained with the simplex lattice 
method should be verified against the L41 matrix. It becomes 
clear from analyzing Fig. 9 that the quadratic correlation 
obtained from the simplex lattice design does not agree well 
with the numerical data obtained for the L41. Thus, instead of 
trying to fit a second-order polynomial, a correlation of the 
form of Eqn. 1 was attempted. The result is shown in Fig. 10, 
which shows clearly that the natural response surface must 
come close to that in the form of Eqn. 1, which is what one 
would expect from the underlying physics. Figure 11 shows the 
correlation obtained from the L41 to correlate the compositions 
from the L21 matrix. It is clear that the agreement is 
satisfactory and that the L41 can properly be used to create a 
suitable response surface, as expected. It also follows from the 
high r2 value from the correlations in the form of Eqn. 1 that an 
exponential correlation must come close to describing the real 
response surface.  
 The last question that needs to be asked is if the exponential 
correlation obtained from the L21 will predict a good 
agreement with the numerical results obtained from the L41. If 
so, the correlation is tested over a wide range of fuel blends, 
and a strong argument can be raised to further reduce the L41 
test matrix to a L21. Such a comparison can be seen in Fig. 12. 
The r2 of the result in Fig. 12 turns out to be 0.96 when tested 8 Copyright © 2005 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
D
over the full factorial range. Therefore, it appears that the L21 
matrix can be used in lieu of the larger L41 matrix yet produce 
the same trend.  
ANOVA 
 
It is always necessary to examine the predicted model to 
ensure that it provides an adequate approximation to the true 
system, also called ANalysis Of VAriance, or ANOVA. One 
check is the residual analysis where ei = yi - ŷi is the residual 
from the least squares fit. When ei (%) is plotted against ŷi, 
which can be seen in Fig. 13, a random distribution or scatter 
suggests that the variance of the original observation is 
constant for all values of yi, and that the correlation is unbiased. 
When analyzing Fig. 13 it can be concluded that the predicted 
response is unbiased with respect to the value of y. In Table 5 
the results obtained from different correlations are summarized. 




Performing a comprehensive set of shock-tube ignition 
experiments over a wide range of possible fuel blends can be a 
daunting task, particularly when the blend may contain a 
mixture of methane with as many as five other species, each 
having volumetric mole fractions greater than 5%. The mixture 






















Numerical data from L41
 Numerical Data
 Correlation
   r2 = 0.96
 
Fig 12. Correlation from L21 against data from L41. 
Table 5. Goodness of fit of different correlations all 
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ations. Since the data to be generated from the experiments 
serve a specific purpose—that is, the determination as to 
whether a given mixture will ignite within a time frame of 10 
ms at 800 K and 17 atm—such a matrix provides an effective 
way to obtain such data in a limited time frame for immediate 
application by the gas turbine industry. 






















 Numerical Data from L41
 
Fig 13. Plot of residuals against predicted values. The 
random scatter shows an unbiased or normal 
distribution of the residuals. From this one can conclude 
that a correlation of the form of Eqn. 1 creates a close to 
true response surface. 
For some mixtures, as predicted by the chemical kinetics 
model in Table 3, the expected ignition time might be outside 
the 10-15 ms time frame of the shock-tube experiment itself. 
Even though such an experiment would not provide an actual 
ignition delay time, it still would provide useful information 
from a “safe” or “unsafe” standpoint with regard to premixing 
that fuel with air prior to entering the burner of a power 
generation gas turbine engine. It is worth mentioning again that 
the τign predictions from the kinetics model in Tables 3 and 4 
should be used only for comparing the L21 and L41 results and 
are not replacements for actual data due to the lack of 
validation for this (and other) kinetics mechanisms at gas 
turbine conditions at present. The trends from recent high-
pressure data indicate that the model may overpredict τign.  
When performing the shock-tube experiments for the 21 
fuel blends in Table 4, the authors anticipate conducting more 
experiments than the number implied by the matrix. For 
example, a given blend may not produce quantitative data 
within the time frame of the experiment, as previously 
mentioned, so additional tests at higher temperatures will be 
performed to determine what temperature is required for a 
given fuel/air mixture to ignite in less than 10 ms. Also of 
concern to the gas turbine industry are fuel/air mixtures with 
equivalence ratios of 1.0, which, according to kinetics models, 
should be more likely to ignite than the φ = 0.5 mixtures of 
interest herein. Stoichiometric mixtures can also be explored 
using the fuel-blend matrices in this paper. Additional 9 Copyright © 2005 by ASME 
se: http://www.asme.org/about-asme/terms-of-use
Downexperiments beyond those implied by the test matrices are also 
required to provide further insight into the complex chemical 
kinetics of CH4-based fuel blends. Other DOE-based matrices 
for such experiments are suggested by Petersen and de Vries 
[4]. 
Finally, it should be noted that although the primary 
application is one concerning a set of shock-tube autoignition 
experiments at a specific temperature, pressure, and fuel/air 
equivalence ratio, the mixture matrix can also be employed in 
other experiments in need of combustion data for the same 
range of mixture combinations. For example, the L21 (or L41) 
matrix can be used to guide a series of flame speed experiments 
where the primary result is a measured flame speed for a given 
initial mixture of air and fuel blend. The matrix can also be 
used to study ignition for the same range of fuel combinations 




 The danger of autoignition in the gas turbine industry, as a 
result of the usage of more exotic fuel blends, has become more 
evident over the last few years. To test a wide variety of fuel 
compositions in an efficient manner, two test matrixes intended 
for autoignition experiments on gas turbine fuel blends were 
assembled. First, a standard Design of Experiments matrix 
created by Box and Behnkin was employed. This created a 
matrix with 41 trials. The assumption was that effects between 
all fuels could be significant. The ignition delay times for these 
different fuel blends were predicted using numerical modeling. 
The chemical kinetics mechanism employed was the Lawrence 
Livermore Heptane Mechanism, and the modeling was done 
using the Chemkin software. A successful attempt was made to 
further reduce the 41-test matrix by 50%, creating a matrix in 
which only 21 trials are needed. It was established that the form 
of the correlation of autoignition as a function of fuel 
concentration should be an exponential one, and that a 
quadratic model of canonical form does not agree well with the 
tested results. A matrix with 21 different fuel combinations of 
CH4/C2H6/C3H8/C4H10/C5H12/H2 was created using the simplex 
lattice design method. The kinetics model predictions using the 
smaller matrix compare well with the results of the larger 
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